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WHIZARD

» Multi-Purpose event generator for collider and astroparticle physics

» Acronym: W, Hlggs, Z, And Respective Decays (deprecated)

>

>

>

Fast adaptive multi-channel Monte-Carlo integration
Very efficient phase space and event generation

Optimized/-al matrix elements
uses the color flow formalism Kilian/Ohl/JRR/Speckner, JHEP 1210 (2012) 022

Recent version: 2.1.1  (18.09.2012) [2.2.0 will come Apr 2013]
http://projects.hepforge.org/whizard

Parton shower (kL-ordered and analytic)  kiianiuRR/Schmidtwiesler, JHEP 1204 (2012) 013
Underlying Event: preliminary version

2.0 Features: ME/PS matching, cascades, shared library
Working on: NLO automation, general Lorentz structures etc.

» Interface to Fe ynRules Christensen/Duhr/Fuks/JRR/Speckner, EPJC 72 (2012) 1990

» Versatile input language: SINDARIN

Kilian/Ohl/JRR: DESY/Freiburg/Siegen/Wiirzburg, hep-ph/0102195, EPJC 71 (2011) 1742 %



http://projects.hepforge.org/whizard
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WHIZARD

Kilian/Ohl/JRR: DESY/Freiburg/Siegen/Wirzburg, hep-ph/0102195, EPJC 71 (2011) 1742

» Multi-Purpose event generator for collider and astroparticle physics
» Focus: LHC, ILC, CLIC, SM, QCD, BSM

[ MODEL TYPE [ with CKM matrix | trivial CKM
QEDwith e, p, 7, v - QED
QCDwithd, u, s, e, b, t, g - QCD
Standard model SM_CKM sM
SM with anomalous couplings SM_ac_CKM SM_ac
SM with anomalous top couplings — SM_top
SM with K matrix — SM_KM
MSSM MSSM_CKM MSSM
MSSM with Gravitinos — MSSM_Grav
NMSSM NMSSM_CKM NMSSM
extended SUSY models — PSSSM
Littlest Higgs — Littlest

Littlest Higgs with ungauged U (1)

Littlest_Eta

Littlest Higgs with T" parity

Littlest_Tpar

Simplest Little Higgs (anomaly free)

Simplest

Simplest Little Higgs (universal)

Simplest_univ

UED

UED

3-Site Higgsless Model — Threeshl
Noncommutative SM (inoff.) —_ NCSM

SM with z” — Zprime
SM with Gravitino and Photino — GravTest
Augmentable SM template — Template

» Interface to FeynRules

easy to
implement new models

Christensen/Duhr/Fuks/JRR/Speckner, EPJC 72 (2012) 1990

» Versatile input language: SINDARIN
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Electroweak Chiral Lagrangian
Complete Lagrangian contains infinitely many parameters

— 1 1
Lot = Lrin— Y G SMUR+A LYY oilit— > aP L@+ 53 a0
% i i i

2
ch = ”Ztr [TV,]tr [TVH]

L1 = tr[Bu, WH] Lo = tr[V,V,]tr [TVH#]tr [TVY]
Lo = itr [Bu,[V#, VY]] L7 = tr[V,VF]tr[TV,]tr [TV"]
L4 = tr[V,V,]tr[VHVY] Lo = Ltr[TW,,]tr [T[V*, V¥]]
Ls = tr[V,VH]tr [V, VY] Li0= % (tr[TV,]tr[TVH])?

Indirect info on new physics in 31, «, . .. (Flavor physics only in M)
Electroweak precision observables (LEP /I, SLC):

AS = —16moy a1 = 0.0026 £ 0.0020

AT = 261 /aqep B1
AU = —1671'&8 ag

—0.00062 £ 0.00043
—0.0044 £ 0.0026

L3 = itr [W,,[VH, VY]] Lg = Hr[TW,,]tr [TWH]
4
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Anomalous triple and quartic gauge couplings

- - P
Lrgo =ie l:g?AH (Wo W —wEw ) f W W AR 4 W, "W,;*;)A"“:|
w

z
. Cw z — v — v Zrr— it v A — vt
e |:gl Z, (WV W Wk )+n W, wiz" 2z W WVPZ”“}

12 ’
SMyvalues: g7'% = k7% =1,A"% =0and 65 = 7510'2*'5 MLogry =1,h%% =0

52 9172
Agy =0 ARY = g% (an — a1) + g az + g% (a9 — ag)
Ag? —5z+%a3 A7 =67 — g *(a2 — a1) + g%as + ¢° (an — )
Ag?Y =Ag" =0 AgE? = 28977 — £ (a5 + ar)
Agiyz = Ag;’Z =0z + 372043 AngW = QC\QVAgI’Z + 2g2(a9 —ag) + 2oy
W
AgP? =2A4g77 + %(m + a6) Agd"V =2¢3 Mg + 29% (a0 — as) — g° (0 + 2a5)

hZZ — 92 [ag + a5 + 2 (a6 + a7 + a10)]
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Anomalous triple and quartic gauge couplings

Loce =€ |[g]TA*A"W W — gV A* A, WTYWS
Q 1 m v 2 I v

i 8221 [g77 A%z (Wow) + wiw,) - 2037 Ak Z, W wf]
2
+ 620—‘2” [glzZZ“ZVW;Wj - QQZZZ“ZMW_VW:—]
SW

2 2
e WW yrr—pmyrr+v o — i+ ww —prit) 2 e ZZ, 2
+ o [gl wEW W W - g (W W ) + o h 2" 2

12 ’
SMyvalues: g7'% = k7% =1,A"% =0and 65 = 7510'2*'5 MLogry =1,h%% =0

52 9172
Agy =0 ARY = g% (an — a1) + g az + g% (a9 — ag)
Ag? —5z+%a3 A7 =67 — g *(a2 — a1) + g%as + ¢° (an — )
Ag?Y =Ag" =0 AgE? = 28977 — £ (a5 + ar)
Agiyz = Ag;’Z =0z + 372043 AngW = QC\QVAgI’Z + 2g2(a9 —ag) + 2oy
W
AgP? =2A4g77 + %(m + a6) Agd"V =2¢3 Mg + 29% (a0 — as) — g° (0 + 2a5)

hZZ — 92 [ag + a5 + 2 (a6 + a7 + a10)]




Parameters and Scales, Resonances

«; measurable at ILC and LHC
» a; <1 (LEP)
» a; > 1/167m2 ~ 0.006 (renormalize divergencies, 16m%a; > 1)
Translation of parameters into new physics scale A: o; = v?/A?
» Operator normalization is arbitrary
» Power counting can be intricate
To be specific: consider resonances that couple to EWSB sector
Resonance mass gives detectable shift in the «;
» Narrow resonances = particles
» Wide resonances = continuum
B1 < 1 = SU(2). custodial symmetry (weak isospin, broken by hypercharge
g’ # 0 and fermion masses)

J=0 J=1 J=2
I=0 o (Higgs ?) W (/2" ) f° (Graviton ?)
I=1 75, 70 @romy) pt, p° (W'/z"7) a*,a®
I=2| ¢t*, ¢*, " (Higgs triplet ?) — tEE pE 10

accounts for weakly and strongly interacting models
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Integrating out resonances

Consider leading order effects of resonances on EW sector:
Lo =2[® (M2 + DD)® +22J] = = ——JJ—I— J(DD)J+O(M~5)
» Simplest example: scalar singlet o
Lo = —% [0(M2 + 0%)0 — govotr [V, V¥] — hotr [TV ] tr [TV*]]
» Effective Lagrangian

£t = [gotr [V, V*] + hotr [TV ] tr [TVH]]?

8M2

» leads to anomalous quartic couplings

2 'U2 'U2 2 'U2
@0 =90\ 3z a1 =290he { G a0 =2he | a2

» Special case: SM Higgs with g, =1 and h, =0
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Taxonomy of resonances/Loops .
Resonance o ¢ p f a
Tlg®M?/(6470%)] 6 1 d(m) t & L o
Aay[(167T/M)(v*/M*)] | 0 1 3 5 -5 e : f
Aos[(167D/M)(vr/ M%) | & -4 -3 -5 3 .

» Loop corrections to LET can be switched on/off:
(1 renormalization scale)

2 2
1-loop 1 1 s t(s + 2t)
As (s,t,u)—wm_2 [( In s |+805)U—4+(6Tl |t| +4C4 o + (< u)l,

» Finite scheme-dep. matching coefficients/NLO counterterms
(e.g. heavy Higgs regulator u = My Dawson/Willenbrock, 1989 )

|ALET 1100p — 1], an

N P _ _9m 37 ~ _ 00234
Cyq = — 15 = —0.056, Cy = T3 ~ 36 ~ 0.0075.
002+
2
1 I 5
agl) — S <C4 _ 1712”‘l 72) 001
rer o o0 LET, 1loop

2
1 I
aél) _ C5 — gy In 00054
1672 u(z)

0 [rad]
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ILC Results: Triboson production

ete” — WWZ/ZZZ, dep. on (s + ag), (a5 + ar), aa + as + 2(as + a7 + a10)
Polarization populates longitudinal modes, suppresses SM bkgd.

15

wwz

i
S
T

2

coupling strengths 161 ol
o
T

T T

T T

A

Simulation with WHIZARD  «kiianonr

1TeV, 1ab™ %, full 6-fermion final
states, SIMDET fast simulation

Observables: M2y, M2, <(e”, Z)
A) unpol., B) 80% ¢, C) 80% ¢, 60% ¢

5 0 5 10 15
coupling strengths 160 4

wwz 7zz best
1672 x no pol. | e™ pol. | both pol. no pol.
Aay 9.79 4.21 1.90 3.94 1.78
Aoy —4.40 —3.34 —1.71 —3.53 —1.48
Aag 3.05 2.69 1.17 3.94 1.14
Aag —7.10 —6.40 —2.19 —3.53 —1.64

32 % hadronic decays
Durham jet algorithm
Bkgd. tt — 6 jets

Veto against B2, + p? i
No angular correlations yet
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ILC Results: Triboson production

ete” — WWZ/ZZZ, dep. on (s + ag), (a5 + ar), aa + as + 2(as + a7 + a10)
Polarization populates longitudinal modes, suppresses SM bkgd.

15

T T T T T
WWZ and ZZZ combined B

5
T
!

Simulation with WHIZARD  «kiianonr

1TeV, 1ab™ %, full 6-fermion final
states, SIMDET fast simulation

Observables: M2y, M2, <(e”, Z)
A) unpol., B) 80% ¢, C) 80% ¢, 60% ¢

2

coupling strengths 161 ol
o
T

coupling strengths 160 4

32 % hadronic decays

WWZ 777 best
16w2x || nopol. | e~ pol. | bothpol. || no pol. Durham jet algorithm
Aay 9.79 4.21 1.90 3.94 1.78 - .
Ao, || 440 | —834 | —171 || —353 || —14s  Bkgd. ¢t — Gjets
Aaf 3.05 2.69 1.17 3.94 114 Veto against B2, + p2 i
Aag || =710 | —6.40 | —2.19 || —3.53 || —1.64

No angular correlations yet




Vector Boson Scattering

1TeV, 1ab™1, full 6f final states, 80 % e}, 60 % e}f polarization, binned likelihood
WW - WW WW — ZZ WZ - WZ,ZZ — ZZ

Contributing channels:

SU(2). conserved case, all channels

Process [ Subprocess [ o [fo] i
in o— o
ete™ = veveqdaq WW — WW 23.19 coupz 9 +
ete™ - vePeqdaq WW — ZZ 7.624 167"y -1.41 1.38
ete— — vpqqaq V 5 VUV 9.344 1672 as -1.16 1.09
ete™ — veqdqq WZ - WZ 132.3
ete= = eTe qgqq 27 - 27 2.09 SU (2). broken case, all channels
ete” —etemqqeqr | 2z > whtw— 414, coupling o— o+
ete™ 5 bbx ete™ = ¢t 331.768 1672 s 272 237
ete™ — qdaq ete™ > wtw— 3560.108 T6%a 546 535
ete™ — qqqq ete™ —» zz 173.221 . 5 : :
cTe = evaq cFem = 0w 279588 167" a6 -3.93 5.53
ete— = ete—qq ete= — ete2z 134.935 16m2ar -3.22 3.31
ete o X ete= = qq 1637.405 1672 a10 5.55 455
10
167207 b)




Interpretation as limits on resonances

Consider the width to mass ratio, f, =I'c /M,

SU(2) conserving scalar singlet SU (2) broken vector triplet
needs input from TGC covariance matrix

1
127magf + 4
— p
Mo = v (aiﬂ(a;)usa(aiﬂ/@c@

1672a,

f = 1.0 (full), 0.8 (dash), 0.6 (dot-dash), 0.3 (dot) upper/lower limit from X\ , grey area: magnetic moments

[ Spin|[[I=0[7=1]I=2| [Spin|[[I=0|I=1][I=2]
Final 0 1.55 - 1.95 0 1.39 | 1.55 | 1.95
result: | 1 - | 249 | - 1 1.74 | 2.67 | —
2 329 | — | 430 2 3.00 | 3.01 | 5.84




Anomalous Gauge Couplings at LHC

ILC: Beyer/Kilian/Krstonosié/Ménig/JR/Schréder/Schmidt, 2006
LHC: Mertens, 2006; ~ Kilian/Kobel/Mader/JR/Schumacher

Anomalous quartic gauge couplings, by chiral EW Lagrangian:

2
o= e T [wFwhHw o wo v tw ) ¢ 2 wtnwo o+ (22?2
2 C%V 20“1”

2
g — 2 _ 1
C5 = a5?{(W+W )2+T(w+w )(zz)+2T(zz)2}
‘w ‘w

(all leptons, incl. 7):
pp = JI(ZZ/WW) = it~ vy

o~ 40fb
Background:
> I — WbWb, o ~ 52pb
» Single ¢, misrec. jet: 0 ~ 4.8 pb
> QCD: o ~ 0.21pb
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Tagging and Cuts:

jj-Tag, mprit <y < npe®, b-Veto
|Anj;| > 4.4, M;; > 1080GeV
Minijet-Veto: pr ; < 30 GeV

Ej > 600,400GeV, p} ; > 60,24 GeV

Improves S/+/B from 3.3 to 29.7

vV VvyVvVvyy

§

HIZARD[EW]a, = 0.003 , 5|

ttbar
N singetop
[ whizarojaco]

{ EE singeop
[ wwizarolacor , xio

# Events / Bin
# Events / Bin

30000

2000 2500 3000
M (jet,jet,) [GeV]

£ E

@ i E

b I o, = 0 (SM)

£ +-ee- 1y = 0006

H — 0, =001 500

-
.WE
300/~

3

200
|th

# Events / Bin
. &
8

2000 2500 3000
M (jet,jet,) [GeV]




# Events / Bin

Results:

¥ o5 T 5 75 3
n(jets,) 1% (lep” lep) |

£

[

3 F e = 0 (SM)

2 1o0or — @, = 0,003

2 4000t — ;= 0,006

- — aj=001

3000/~

500600 7
P, (lep’ lep) [GeV]

(1o Sensitivity to as)

Coupl.

ILC (1ab )

LHC (100fb~ 1)

Qy
Qs

0.0088
0.0071

0.00160
0.00098

Ci
140 (lep* lep) |

Limits for A [TeV]:
|Spin|[I=0]I=1|I=2]
0 1.39 | 1.55 | 1.95

1 1.74 | 2.67 —
2 3.00 | 3.01 | 5.84




# Events / Bin

Results:

¥ o5 T 5 75 3
n(jets,) 1% (lep” lep) |

£

[

3 F e = 0 (SM)

2 1o0or — @, = 0,003

2 4000t — ;= 0,006

- — aj=001

3000/~

500600 7
P, (lep’ lep) [GeV]

(1o Sensitivity to as)

Coupl.

ILC (1ab )

LHC (100fb~ 1)

Qy
Qs

0.0088
0.0071

X.XXXX
X XXXX

Ci
140 (lep* lep) |

Limits for A [TeV]:
|Spin|[I=0]I=1|I=2]
0 1.39 | 1.55 | 1.95

1 1.74 | 2.67 —
2 3.00 | 3.01 | 5.84
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Unitarity of Amplitudes
UV-incomplete theories could violate unitarity

I _ do _ _ 1 2
Cross section: o= [d2% = o= | M|

Optical Theorem  (Unitarity of the S(cattering) Matrix):
oot = IM[M,;(t =0)] /s t=—s(1—cos0)/2

Partial wave amplitudes: ~ M(s,t,u) =327 ) ,(2¢0 + 1).As(s)Py(cos 6)

Assuming only elastic scattering:
us ! ™
oot = 30, 2 A2 L5, 20 i (4] = AP = Im [A] |

A

Argand circle | |A(s) —

B

ol

Resonance:  A(s) = i

Counterclockwise circle, radius “s-
Pole at s = M? — M T o

RelA]




K-Matrix Unitarization and friends

K-Matrix unitarization fmlA]
A(s 1+4A(s
Arc(s) = —26) A(s)—(l il
1—13A(s) 14+ A(s) 2 Agc(s)
Unitarization by infinitely heavy and Re[A]
wide resonance Als)
1 » Low-energy theorem (LET): -5
Ax » K-Matrix amplitude:
2 2 S$—00
> /5 » Poles +iv: My, I large
2v 4v 6v
Padé unitarization “Naive” Unitarization
separates higher chiral orders Extreme case:
Ap(s) = AD)(5)? Ay (s) = €4 sin A(s)
P2 = A0 (5) =AM (5)—i A (5)2 NAS) =
each partial wave dominated Infinitely many resonances

by single resonance becoming denser for s — oo




BSM Unitarized Resonances: e.g. Scalar Singlet

Assumptions:

LHC is able to detect a resonance in the EW sector

Further resonances might exist, but out of reach or not detectable
Describe 1st resonance by correct amplitude

Use K-matrix unitarization to define a consistent model

\{

vYyy

Example: Scalar Singlet
> Lo=—30 (M +8%) 0+ 5 0tr [V, V¥]

» Feynman rules: owtw™ 1 =292 (ky k) ozz: —2U=(ky - k)

4

2 2
» Amplitude (s-channel exchange): A7 (s, t,u) = i—‘; S _st

» Isospin eigenamplitudes:

2
Af (s tu) = %(3 e T3 Mz + = Mz)
. 2 2 2
Al (S7t7u) = Z% (t M?2 " M2)
. 2 2 2
A2 (s,t,u) = ‘Z% ( th + w— M2)




Unitarizing the scalar singlet Alboteanu/Kilian/JR, 2008
g2 2 2 o g2 o
AGo(s) = 338 =z +255:S0(s) Aga(s) = 27%82(s) = Azy(s)
AT (s) = 298 51(5) ATy (s) = 298 5a(s)

2
AZy(s) = 295 80(s)

» S-wave coefficients no longer polynomi4a|, e.g.:

So(s) =M? — £ + — log ———
0(s) 2t s Ogs—i—M2

» s-channel pole must be explicitly subtracted:

Gry(s)

A]J(S) = Ag(?,)(s) + FIJ(S) + s — M2’

- F[J(S) is finite
— Gry(s) o s (vector), o s2 (scalar, tensor)

~ AI,](S)

Arj(s) = . = AQ (s + 32miAAr(s),
r(s) A (s) 1 (8) rs(s)

s— M? )
5= Gra(s) = (s = M2) [1 = 5 (AF)(s) + Fru(s))]

AAp;(s) = 32mi <1+ =AY (s)+




Eigenamplitudes

0
120 0, with K matr 100
104
100-] ;
20 04
w 10
20
07 o 10+
104 1 -
0.5+ ;/
2 2
02
T T T o1 . T T ' T T
100 200 3000 1000 2000 o 2000 3000
Vi [GeV) Vi [GeV] VA lGev]
100-]
S0 Ay, with K matrix 1204 g, with K matrix 100 Ag, with K matrix
2 1004
10
N - s0 1
2 4 60
\,
! e ) 40
05-] T
204
024 ) 01
o T T T — T T T T T
0 100 200 3000 ] 1000 2000 3000 1000 2000 300
V [Gev Vi [Gev VA lGev]
!
i ar dependence Re(A), with K matrix
03
06
0.
02
T T - T T T
2 5 100 2000 300
0 frad

VA [Gev]
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“Partonic” cross sections

0
(VY YY) with g = 120 GeV. (VY = VV), o Higgs
1 20|
10
01 2o
1
05
oo 02
01
005-|
0001
5 002+
7 i T T T
o 1000 00 3000 1000 2000 3000 1000
q VE IGeV]
2 (VY V), with 500 Gl et
-] ) 104
N
-
054 o
2] 014
014
01
001
5 T 2222
a0 vord T2z
257
0 100 200 e ] 100 2000 o 1000 2000
G VA IGeV]

VElG]

» o(VV = VV)innb Mp = 500 GeV
» all amplitudes K-matrix unitarized
» Cut of 15° around the beam axis




LHC Example: Vector Isovector

v

v

v

v

v

Example: 850 GeV vector
resonance, coupling g, =1

(Theory) Cuts:

— p1 (bv) > 30 GeV
— [6R(¢v)| < 1.5
— 0(u/d) > 0.5°

Integrated luminosity: 225 fo—!
Discriminator: angular correlations

IN)
Ongoing ATLAS study

— More kinematic observables

— Comparison and validation phase

— first reproduce SM

— then anom. couplings/BSM
resonances

# events

# events

10

1

80

70

60 -

50

30

20 ¢

10

00

00

10

Alboteanu/Kilian/JR, 2008

pp->lvivduy, Vs=14Tev

with 850 TeV vector resonance zzzzzzz
without resonances e

0 200 400 600 800 1000 1200

Mpyry(GeV)

T T
pp->Ivivdu, Vs=14 Tev

with 1 TeV vector resonance 7zzzzzz1
without resonances s

05 1 15 2 25 3
AD('T)
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Including Higgs Operators

Higgs has been discovered (sic!)

Include more operators, e.g. (D, ®)'W#(D,®), (3(®'¢))?: usually
called Op, Ow, Oww, Owww etc.

v

v

v

both anom. V2 + V* and HV'V etc. couplings !
Implemented for an ATLAS study in WHIZARD

v

wiwr—>wiwt

» Ongoing theoretical study Kilian/JRR/Sekulla, 2013

» Very preliminary results
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Summary/Conclusions

>

>

vV vV v v

>

» More and intensiv ies n FORALL COLLIDERS!)

New Physics in EW effective Lagrangian (SM + higher-dim. op.)
Triple/Quartic gauge couplings measured either

— via diboson production
— via triple boson production
— via vector boson scattering

Unified description for ILC vs. LHC/CLIC difficult
EFT approach for low-energy regime, unitarized by form factors in
resonance scheme at high energies

interpreted as resonances coupled to EW bosons

“Correct” description for first resonance (also [very] broad)

Beyond that: assure unitarity (K matrix)

Sensitivity rises with number of intermediate states:

— LHC sensitivity limited in pure EW sector: 0.6 — 2 TeV
- ILC 11.5—-6TeV

All effective ops. in WHIZARD: simulations for LHC, ILC, CLIC, n coll.
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Unitarity in the EW sector: SM

» Project out isospin eigenamplitudes Lee,Quigg, Thacker, 1973

1

0
Ai(s) = %A(s,t, u)Pp(1+ 2t/s) cosf =1+ 2t/s

327 J_

Remember Legendre polynomials:  Py(s) =1 Py (s) = cos@ Pa(s) = (3cos? 6 —1)/2

» SM longitudinal isospin eigenamplitudes (A spin—.7):

t_
Ar—o = 2 Po(s) A= = 72u = %Pl(s) Aj=2 = —%PO(S)
v v v
S S S
Ago = —— Ay = —— Agg=——
007 1602 L1 9602 2,0 32702

exceeds unitarity bound |A;,| < 1 at:

Higgs exchange: .
I=0: E~ V8mv=12TeV } <
I=1: E~ V48w =35TeV Als,tu) = ——3 S_M;{
I=2: E~ V16mv=17TeV  Unitarity: My < 8rv ~1.2TeV




Isospin decomposition
» Lowest order chiral Lagrangian (incl. anomalous couplings)

"2
L= 7%“ [V VH] + astr [V, V]t [VEVY] 4 ag (tr [V, V4])?

» Leads to the following amplitudes: s = (; +»2)2 t = (01 = P32 w = (p1 - pa)?

t2
A(s, t,u) =: A(wTw™ — zz) = % + S(yos— + 4oy + w?
»

2

t
A(w+z—)w+z): — +8a,—+4o¢4#
v
o2 2 2
t
.A(w wT = wiw™ )—7i + (4ay + 2a5) t +8a4u—4
v?2 v v
2 2 2
3 t
Awtot 5 wtwt) =~ 4800 +4(as +205) 2
v v v
2 2 2
t
A(zz — zz) = 8(Q4+a5)8 + 4+u
v

» (Clebsch-Gordan) Decomposition into isospin eigenamplitudes
A(I =0) = 3A(s,t,u) + A(t, s,u) + A(u, s,t)
A(I =1) = A(t,s,u) — Alu, s,t)
A(I =2) = Alt,s,u) + A(u, s, t)




The Effective W approximation
» My, t; small corrections, V nearly onshell:

o(q1q2 — q1ayVV5) ~ Z /dzl dxo F;11 (1’1)

A1A2
(z2) TV vy Vv (z1225)
A1sA2

q2—>q Vo

» In addition to Weizsacker-Williams: longitudinal polarisation

S N i U i )l Y e S LA P2
a—a'V - 1672 x (1-— :c)m% pi,max + (1 - w)m%
- (V+4)? 4+ (V- 4)’(1 — ) Pl £ (1= @)m}, P s

Fy (@)= 2 In 2 2 2
a4 1672 z (1 — x)m3, Pl T (1 —2)m3,

FO, () = V24 A% 201 —x) P2 i
@'V T 8x? T pi,max + (1 —xz)mi

» Dominant contribution from small V virtualities

» Transverse momentum cutoff p| ma < (1 —x)4/s/2:
» longitudinal pol.:  finite for pi max — oo
» Transversal pol.: logarithmic singularity




» EWA structure functions: W (left) and Z (right)

1 T LR L 1 T T [ —
|
0.1 - 0.1
AR i
0.01F N\ F(z) 0.01
0.001 lxo(,,.)\ N () | 0.001
[ N
B R Y ¥ R Y T
— Emission from u, /s = 2 TeV — preferred at high energy: transversal
emission
» Problem: Irreducible background to weak-boson scattering
q q q ! q q
f I f
f f f
q ! f
7 q !
q I q q q q
— Double ISR/FSR — t-channel like diagrams

> Coqumb-singuIarity (peak): cut on pry = 30 GeV
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» Effective W approx. vs. WHIZARD full matrix elements
» Shapes/normalization of distributions heavily affected
» EWA: Sideband subtraction completely screwed up!
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